The intracellular protein HMGB1 is released from cells and acts as a damage-associated molecular pattern molecule during many diseases, including inflammatory bowel disease (IBD); however, the intracellular function of HMGB1 during inflammation is poorly understood. Here, we demonstrated that cytosolic HMGB1 regulates apoptosis by protecting the autophagy proteins beclin 1 and ATG5 from calpain-mediated cleavage during inflammation. Colitis in mice with an intestinal epithelial cell-specific Hmgb1 deletion and patients with IBD were both characterized by increased calpain activation, beclin 1 and ATG5 cleavage, and intestinal epithelial cell (IEC) death compared with controls. In vitro cleavage assays and studies of enteroids verified that HMGB1 protects beclin 1 and ATG5 from calpain-mediated cleavage events that generate proapoptotic protein fragments. Together, our results indicate that HMGB1 is essential for mitigating the extent and severity of inflammation-associated cellular injury by controlling the switch between the proautophagic and proapoptotic functions of beclin 1 and ATG5 during inflammation.
Introduction
Inflammatory bowel diseases (IBDs) are chronic, debilitating disorders caused by gastrointestinal mucosal damage and inflammation. Two separate but related disease phenotypes make up IBD: Crohn's disease (CD) and ulcerative colitis (UC). The pathophysiology of IBD is complex, and there are likely numerous mechanisms that are unique but also shared between the 2 conditions. However, both are thought to result from gastrointestinal barrier compromise, leading to inflammation and infiltration with innate and adaptive immune cells (1) . The gastrointestinal barrier is primarily composed of intestinal epithelial cells (IECs) and their soluble products (2) . IECs also participate in inflammatory responses directly through processes such as autophagy and indirectly through the production of cytokines that recruit innate and adaptive immune cells to sites of mucosal damage (3) . The proteins found in the cytosol and released from IECs during inflammation include high-mobility group box 1 (HMGB1).
HMGB1 is a nuclear, nonhistone DNA-binding protein (4) . During cellular stress, it localizes to the cell cytosol and can exit the cell through loss of membrane integrity or active secretion (5) . Once it is free from cells, HMGB1 acts as a damage-associated molecular pattern (DAMP) molecule to activate innate immune receptors and drive inflammatory responses (6) . Circulating HMGB1 levels are increased in many human inflammatory diseases and their associated experimental models (5) . Consistent with this, intestinal HMGB1 expression is elevated in the dextran sodium sulfate (DSS) model of murine colitis (7) . Furthermore, HMGB1 antagonism using anti-HMGB1 antibody or ethyl pyruvate ameliorates colitis in the DSS and Il10 -/-mouse models, respectively (7, 8) . Very little is known about HMGB1 in human IBD, just that children with IBD have increased levels of this protein in their feces (9) . These data reflect the fact that the majority of HMGB1 research has focused on its extracellular functions during inflammation, despite it being concurrently found in the cell cytosol under these conditions. The indications that HMGB1 levels were altered in experimental and human colitis and the presence of this protein in IECs, a key cell type in the pathophysiology of IBD, led us to study the intracellular role of this protein in IECs during human and experimental colitis.
Results
Loss of HMGB1 exacerbates murine colitis. Mice globally deficient in HMGB1 die within 24 hours of birth, so we generated Hmgb1-floxed mice (Hmgb1 fl/fl ) to test the role of HMGB1 in physiologic disease models (10) . We crossed these mice with mice expressing CRE recombinase under the villin promoter (Vil-Cre) to create mice lacking Hmgb1 solely in IECs (Vil-Cre Hmgb1 fl/fl ) (Supplemental Figure 1 , A-C; supplemental material available online with this article; doi:10.1172/JCI76344DS1). We treated these mice with DSS to induce colitis and found that 100% of Vil-Cre Hmgb1 fl/fl mice died by day 11 of the study versus only 25% of Hmgb1 fl/fl mice ( Figure 1A ). DSS administration is commonly used as an acute model of IBD and most closely mimics UC in humans (11) . Treatment with a lower dose of DSS resulted in significantly worse colitis in Vil-Cre Hmgb1 fl/fl when compared that seen in Hmgb1 fl/fl mice ( Figure 1 , B-E). Vil-Cre Hmgb1 fl/fl mice lost more weight and developed worse signs of colitis after DSS administration than did
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to DSS than do Tnfa +/+ mice, suggesting that this cytokine may also have antiinflammatory or prohealing functions in the intestinal mucosa (16) . Taken together, these data suggest that IECs die before mucosal immune cell infiltration into the Vil-Cre Hmgb1 fl/fl model, not as a result of immune cell infiltration.
HMGB1 protects beclin 1 and ATG5 from cleavage during inflammation. Identification of an autophagy defect in HMGB1-deficient cells led us to examine beclin 1 in IECs during DSS colitis. Beclin 1 has roles in both cell survival and cell death. Under conditions that favor autophagy, it forms a complex with ambra 1, VPS34, and VPS15 in order to initiate autophagy (17) . However, cleavage by cell proteases to remove the N-terminal BCL-2-interacting domain converts it to a proapoptotic protein (18) . Beclin 1 expression was increased in Vil-Cre Hmgb1 fl/fl mice at both the mRNA and protein levels (Supplemental Figure 4, A and B) . This protein was cleaved into fragments of approximately 50, 37, and 35 kDa after DSS treatment in the absence of HMGB1 ( Figure 3A Figure 3B ). The primary 50-kDa fragment seen in Vil-Cre Hmgb1 fl/fl mice treated with DSS or lacking IL-10 was consistent with calpain 1 cleavage (19) . An in vitro cleavage assay showed that HMGB1 protects beclin 1 from calpain 1-mediated cleavage in a dose-dependent manner ( Figure 3 , C and D). HMGB1 itself was not cleaved by calpain, therefore it did not diminish cleavage of beclin 1 by acting as a surrogate substrate for the protease (Supplemental Figure 4C) . Additionally, the band pattern in vitro and in vivo was consistent with cleavage at aa 63 (EETN [63] SG), a putative cleavage site that would generate a 53-kDa fragment lacking the BCL-2-interacting domain ( Figure 3D and ref. 20) .
After determining that HMGB1 protects beclin 1 from calpain-mediated cleavage, we considered that it could perform a similar function for other proteins. All of the core autophagy proteins, except LC3, have been reported to be cleaved by calpains (20) . Two of these proteins, beclin 1 and ATG5, are converted to proapoptotic proteins by this cleavage event. A blast search for homology between beclin 1 and ATG5 revealed that beclin 1 and ATG5 share sequence homology in the region of the calpain cleavage site (Supplemental Figure 4D) . However, sequence similarities were not present in the remaining autophagy proteins. This led us to examine ATG5 expression and cleavage in DSS-treated Vil-Cre Hmgb1 fl/fl and Vil-Cre Hmgb1 fl/fl Il10 -/-mice. As with beclin 1, ATG5 expression and cleavage were increased in mice lacking IEC HMGB1 compared with what was observed in controls (Figure 3 , E and F, and Supplemental Figure 4E ). An in vitro cleavage assay demonstrated that HMGB1 protects ATG5 against calpain 1 cleavage in a dose-dependent manner ( Figure 3G ). Coimmunoprecipitation (co-IP) experiments performed using mucosal scrapings from DSS-treated Hmgb1 fl/fl and Vil-Cre Hmgb1 fl/fl mice showed that HMGB1 interacts with beclin 1 and ATG5 during inflammation ( Figure 3H ). The in vitro calpain cleavage assay showed that HMGB1 can interact with free ATG5, but the physiologically relevant form in vivo is thought to be the ATG5-ATG12 conjugate (21) . This conjugate is the form that coimmunoprecipitated with HMGB1 in vivo, showing that HMGB1 interacts with controls ( Figure 1 , B and C). They also had greater colon shortening and histology consistent with increased intestinal damage in response to DSS administration ( Figure 1, D Figure 1F ). Colitis in Vil-Cre Hmgb1 fl/fl Il10 -/-mice also developed earlier and was more severe, as measured by clinical signs and histopathology, than that seen in controls (Figure 1, F-H) . Therefore, loss of HMGB1 in IECs exacerbated colitis in acute (DSS) and chronic (Il10 
Il10
-/-mice after they developed chronic colitis ( Figure 2C ). The autophagy initiation protein beclin 1 has been reported to interact with HMGB1 in the cell cytosol, and autophagy is diminished in Hmgb1 -/-mouse embryonic fibroblasts (14) . This led us to evaluate microtubule-associated light chain 3 (LC3) lipidation and levels of the autophagy substrate p62 to characterize autophagy in the absence of HMGB1. Under nonstimulated conditions, the ratio of LC3II to LC3I and p62 levels were similar in fl/fl cells. Autophagy is thought to be a cell-survival mechanism, and failure is associated with increased apoptotic death (15) . So, we examined cell death by terminal TUNEL staining. Vil-Cre Hmgb1 fl/fl mice exhibited more TUNEL-positive cells at day 5 than did Hmgb1 fl/fl mice ( Figure 2F ), suggesting that loss of HMGB1 in IECs leads to decreased autophagy and increased apoptosis during DSS colitis.
Since IEC death was the most striking feature of DSS colitis in Vil-Cre Hmgb1 fl/fl mice, we investigated whether this death was associated with activation of the adaptive immune system. There were no obvious differences in cellular infiltration of the gut mucosa on day 3 after DSS administration, the time point at which we saw more IEC death in Vil-Cre Hmgb1 fl/fl mice by TUNEL staining (Supplemental Figure 3A) . Similarly, expression levels of mucosal cytokines were not significantly different at this time point, aside from decreased expression of TNF-α protein in Vil-Cre Hmgb1 fl/fl mice (Supplemental Figure 3 , B and C). TNF-α is generally considered to be a proinflammatory cytokine, so decreased levels would not be expected to be contributing to tissue damage. Additionally, Tnfa -/-mice develop more severe colitis in response
Number 3 March 2015 a mock competitor peptide in which this region was mutated to alanine residues (Supplemental Figure 4G) . In this assay, the presence of HMGB1 protected beclin 1 from calpain cleavage, and this protection was abrogated by the addition of the competitor peptide, but not the mock peptide, to the reaction mixture. Thus, HMGB1 interacts with beclin 1 and ATG5 and regulates the generation of proapoptotic protein fragments of these proteins during calpain-mediated inflammation.
Calpains are cysteine proteases active in the nucleus, cytosol, and extracellular milieu (24) (25) (26) . They have been implicated in the pathophysiology of several inflammatory diseases, but calpain activity in IBD or colitis models is not well understood. It has been shown that the administration of a calpain inhibitor ameliorates 2,4,6-trinitrobenzenesulfonic acid-induced (TNBS-induced) colitis and that ethyl pyruvate decreases calpain activity in addition to preventing cytosolic translocation of HMGB1 (27, 28) . Measurement the form of ATG5 important for autophagy. The putative HMG-B1-interacting region (aa 197-200) is distant from the site of conjugation with ATG12 (aa 130), suggesting that conjugation would not be expected to interfere with an interaction between HMGB1 and ATG5 (21) . Calpains are known to target proteins that are in complexes, so it is also not surprising that the ATG5-ATG12 conjugate would be a target for this protease (22, 23) . Immunoblotting for ATG7, a calpain-cleaved protein with no homology with beclin 1 or ATG5, showed that cleavage and expression of this protein were similar between genotypes, suggesting that the homologous sequence in beclin 1 and ATG5 represents a specific HMGB1 interaction motif (Supplemental Figure 4F and ref. 20) . To further determine whether HMGB1-mediated protection of beclin 1 and ATG5 from calpain cleavage involved direct, specific interactions, we performed an in vitro calpain cleavage assay incorporating a competitor peptide containing the putative interaction motif or -/-mouse showed signs of chronic intestinal inflammation and colitis (loss of goblet cells, crypt abscesses, cellular infiltration, elongation of mucosa, and epithelial erosion). Data were analyzed using 2-tailed Student's t tests. **P < 0.01; ****P < 0.001.
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calpastatin (29) (30) (31) (32) . When calpastatin levels decrease sufficiently, calpains are spontaneously activated in the presence of calcium (29) (30) (31) (32) . We investigated whether this might be the mechanism of calpain activation in HMGB1-deficient IECs by immunoblotting for the p20 fragment of caspase 1. We found that caspase 1 was activated of calpain activity in the gastrointestinal mucosa demonstrated calpain activation after DSS administration that was higher in Vil-Cre Hmgb1 fl/fl mice than in controls ( Figure 3I ). In some inflammatory diseases, calpain activation occurs through caspase 1-mediated degradation and downregulation of the endogenous calpain inhibitor fl/fl (n = 3) and Vil-Cre Hmgb1 fl/fl (n = 3) mice on day 5 of DSS treatment (original magnification, ×400). Data were analyzed using 2-tailed Student's t tests, except for the data in F, which were analyzed by 2-way Anova with Bonferroni's multiple comparisons test as well as the 2-tailed Student's t test for between-genotype comparisons within a treatment group. *P < 0.05; ****P < 0.001. We further investigated how calpains contribute to colitis in Vil-Cre Hmgb1 fl/fl mice by treating them with calpeptin, a calpain inhibitor, during DSS administration. The weight loss experienced by the treated mice was less than that of the untreated mice and did not differ from that seen in Hmgb1 fl/fl mice ( Figure  4A ). Calpeptin treatment also improved the architectural distortion and epithelial cell death seen in Vil-Cre Hmgb1 fl/fl mice after DSS administration ( Figure 4B ). Finally, calpeptin treatment by DSS, and the levels were higher in Vil-Cre Hmgb1 fl/fl mice than in controls ( Figure 3J ). Despite the increase in caspase 1 activity, the levels of IL-1β were comparable in (Figure 3K) . Therefore, calpains are activated during murine colitis secondary to caspase 1-mediated decreases in calpastatin. fl/fl (n = 6) and Vil-Cre Hmgb1 fl/fl mice (n = 6) on day 3 of DSS treatment (mean ± SEM). Data were analyzed by 2-tailed Student's t tests. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. RFU, relative fluorescence units. Figure 5B ). Enteroids lacking HMGB1 had increased beclin 1 expression at rest and higher levels of the 50-kDa fragment of beclin 1 after MDP stimulation compared with controls ( Figure 5B ). The level of active caspase 3, indicative of cell death pathway activation, was also increased in Vil-Cre Hmgb1 fl/fl enteroids after MDP stimulation ( Figure 5C ). Administration of calpeptin in conjunction with MDP prevented caspase 3 activation in both Hmgb1 fl/fl and Vil-Cre Hmgb1 fl/fl enteroids ( Figure 5D ). Treatment of enteroids with MDP in the presence of bafilomycin, which allows autophagy activation but inactivates lysosomes so that LC3II accumulates, showed that autophagy was severely compromised in HMGB1-deficient IECs ( Figure 5E and Supplemental Figure 5C ). Hence, HMGB1 plays a cell-intrinsic role in survival during inflammation by regulating the calpain 1-mediated switch between autophagy and apoptosis.
In the murine colitis and enteroid models, the loss of HMGB1 resulted in higher levels of calpain activation and cleavage of beclin 1 and ATG5. The mechanism whereby HMGB1 protects these proteins from cleavage could either be direct, through protein-protein interactions that sterically inhibit calpain binding or activity, or indirect, through control of calpain activation. The results from the in vitro cleavage assays and in vivo co-IP experiments suggested that HMGB1 acts directly to prevent beclin 1 and ATG5 cleavage, but this did not rule out the possibility that the primary function of HMGB1 in vivo is to indirectly inhibit calpain activity. In order to differentiate between these possibilities, we stimulated enteroids with MDP and followed beclin 1 and ATG5 cleavage, calpain activity, and caspase 3 activation over time. Both beclin 1 and ATG5 cleavage occurred in Vil-Cre Hmgb1 fl/fl cells at 60 minutes, while calpain activity was low and not significantly different between the genotypes ( Figure  5 , F-I). In Hmgb1 fl/fl cells, cleavage of both proteins was first appreciated at 240 minutes, as calpain activity began to rise ( Figure 5 , F-I, and Supplemental Figure 5D ). At 120 minutes, active caspase 3 activity was higher in Vil-Cre Hmgb1 fl/fl cells than in controls (Figure 5H) . Calpain activity was not significantly higher in Vil-Cre Hmgb1 fl/fl cells compared with that in controls until 240 minutes, after beclin 1 and ATG5 were cleaved and caspase 3 activated ( Figure 5H ). These results show that death was triggered prior to massive increases in calpain activity in cells lacking HMGB1, likely due to the proapoptotic effects of beclin 1 and ATG5. They also demonstrate that the differential cleavage of beclin 1 and ATG5 in Hmgb1 fl/fl versus Vil-Cre Hmgb1 fl/fl cells is not a product of higher calpain activity in the Vil-Cre Hmgb1 fl/fl cells. Our data show that loss of HMGB1 leads to IEC death in vivo and in vitro during cell stress. The death of these cells could be critical to the development of colitis in 2 ways by inducing (a) the loss of the gastrointestinal barrier with exposure of the underlying immune system to the microbial contents of the gut lumen and (b) the release of proinflammatory molecules from dying IECs. To test whether the death of HMGB1-deficient and -replete IECs differs in the ability of these cells to stimulate professional immune cells, we examined cultured mesenteric lymph Figure 6 ). This suggests that loss of the gastrointestinal barrier function of IECs, rather than direct immune activation by their death, may be a more important contributor to the increased severity of the colitis seen in Vil-Cre Hmgb1 fl/fl mice. Human IBD is also characterized by altered HMGB1 expression, beclin 1 and ATG5 cleavage, and increased IEC death. Finally, we investigated whether HMGB1 regulates apoptosis during human IBD. Human IBD was associated with higher HMGB1 mRNA levels and a shift in HMGB1 intracellular localization from the nucleus to the cytosol ( Figure 6, A and B) . Conversely, HMGB1 protein expression was decreased in patients with active colitis compared with that in controls ( Figure 6A and Supplemental Figure 7A ). When we examined beclin 1 expression in active colitis, we found that it was increased at both the mRNA and protein levels ( Figure 6C and Supplemental Figure 7 , B-E). Most important, we found that cleavage of beclin 1, cleavage of ATG5, and levels of the active p19 fragment of caspase 3 were increased in patients with active colitis (Figure 6 , C-E, and Supplemental Figure 4D . (F) Immunoblot for the active p20 fragment of cleaved caspase 1. Samples were loaded as in Figure  4D . (G) Calpain activity as evaluated by cleavage of the fluorescent substrate in samples from controls (n = 3) and from patients with active UC (n = 3) (mean ± SEM). (H) Calpastatin levels analyzed by qRT-PCR in controls (n = 6) and in patients with active UC (n = 5) or IC (n = 1) (mean ± SEM). Data were analyzed by 2-tailed Student's t tests, except for data in G, which were determined by the 1-tailed Student's t test. *P < 0.05; **P < 0.01; ****P < 0.001. activation of inflammatory cytokines was not responsible for the cell death seen in this colitis model. Instead, caspase 1-mediated activation of calpains in the absence of HMGB1 led to the inflammation and apoptosis seen in this model. Calpain activation does not degrade target proteins but rather cleaves them into stable fragments with functions that are different from the parent protein (37) . The calpain proteases are ubiquitously expressed and play roles in cell division, cell movement, signal transduction, and apoptotic pathways (26) . Calpain activity is also involved in the activation or termination of autophagy. Calpain-deficient cells are defective in autophagy in response to starvation, rapamycin, etoposide, and ceramide, and there is a dramatic increase in apoptosis in these cells after autophagy induction (38) . Furthermore, calpains can block autophagy through cleavage of beclin 1 and ATG5 (19, (39) (40) (41) . In Vil-Cre Hmgb1 fl/fl IECs, autophagy proceeded normally under conditions of low stress, while beclin 1 and ATG5 were cleaved, and autophagosome formation was decreased during high stress compared with that seen in Hmgb1 fl/fl IECs. Our use of mice conditionally deficient in HMGB1 for in vivo autophagy studies and of primary IECs deficient in HMGB1 for in vitro autophagy studies allowed us to examine both basal and induced autophagy in nontransformed IECs.
Discussion
HMGB1 controls the autophagy/apoptosis checkpoint in IECs by protecting beclin 1 and ATG5 from calpain 1 cleavage (Figure 7) . The calpain activity seen in DSS-treated mice and IBD patients appears to result from caspase 1-mediated degradation and downregulation of calpastatin, the endogenous calpain inhibitor. Active caspase 1 is generated by inflammasome activation in response to microorganisms or cell stress (33) . This protease cleaves pro-IL-1β, pro-IL-18, or pro-IL-33 to generate the active forms of these inflammatory cytokines, and inflammasome signaling is terminated by autophagic degradation of assembled inflammasomes (34) . Caspase 1 is also essential for tissue healing in the intestine and contributes to autophagy through upregulation of beclin 1 expression during oxidative stress (35, 36) . Active caspase 1 was increased in Vil-Cre Hmgb1 fl/fl mice after DSS and in humans with active colitis, consistent with either increased inflammasome activation or decreased clearance. Our observation that autophagy was compromised suggests that decreased clearance of activated inflammasomes is the more likely explanation. Despite increased levels of active caspase 1, levels of IL-1β were similar in DSS-treated Hmgb1 fl/fl and Vil-Cre Hmgb1 fl/fl mice. This suggests that while caspase 1 activation was increased, caspase 1-mediated intracellular HMGB1 is effectively antiinflammatory. It acts to minimize tissue inflammation by mitigating cell death, which prevents release of intracellular inflammatory mediators and maintains tissue barrier integrity. In the gastrointestinal tract, tissue barrier integrity is particularly important, since loss of the mucosal barrier leads to increased exposure of underlying tissues to inflammatory ligands in the gut lumen (1). We have also described the mechanism whereby HMGB1 promotes cell survival during inflammation and shown that this mechanism applies to both human and experimental colitis. Calpain activation is a feature of many human diseases, including cardiomyopathy, type 2 diabetes, ischemia-reperfusion, microbial infections, and cancers (55) (56) (57) (58) . Calpains are also important for normal cell division and tissue repair and remodeling programs (59) . Our data suggest that HMGB1 may be a crucial factor in all of these processes, since it determines whether cells undergo apoptosis or autophagy during calpain activation. As such, it may represent a useful therapeutic target in a diverse range of human diseases. tal colitis represents at least 3 independent experiments, wherein the mice were sex and age matched (littermates were used whenever possible). Approximately 8-week-old mice (unless otherwise noted) of both sexes were used in all experiments. DSS colitis model. Colitis was induced in mice using 2.5% DSS (MP Biomedicals), except for the initial survival studies, which used 3% DSS. DSS was added to the drinking water for 5 days, and then mice were given fresh water and allowed to recover. Mice were monitored for weight changes, diarrhea, bloody stools, and overall health. They were removed from the study when their weight loss exceeded 25% of their original body weight or when they developed rectal prolapse of more than 0.5 cm. Not surprisingly, there were some subtle differences from previous studies using mouse embryonic fibroblasts or transformed cells knocked down for HMGB1. Those studies primarily focused on inducible autophagy and showed that HMGB1 was required for beclin 1 dissociation from BCL-2 and autophagy initiation (14) . This finding is in agreement with our findings in stress-induced autophagy, but the fact that autophagy proceeded under basal conditions in HMGB1-deficient cells suggests that this may not be an absolute requirement in nontransformed cells. Our findings are also in agreement with those recently reported by other groups using mouse models conditionally deficient in HMGB1. Under basal conditions, HMGB1-deficient hepatocytes showed no autophagy or mitophagy defects (42) . However, in studies using models of infectious or inflammatory disease, conditional HMGB1 deficiency resulted in increased cell death (43) (44) (45) . This suggests that either basal autophagy does not require HMGB1 or that cells are able to compensate for the loss of this protein under nonstressed conditions. However, under high-stress, calpain-activated conditions, beclin 1 and ATG5 cleavage not only compromises autophagosome formation at 2 different steps of the process, but also generates de novo proapoptotic proteins. Therefore, under these conditions, cell death is not a passive process due to autophagy failure but rather is an active process of organized cell death in response to generation of these cleavage fragments. This conclusion is supported by studies showing that the truncated products of these cleavage events cause mitochondria-mediated cell death in several different cell types (18, 39) .
Methods

Generation of Hmgb1
IBD patients with active colitis have features similar to those of DSS-treated Vil-Cre Hmgb1 fl/fl mice. HMGB1 is one of the most evolutionarily conserved proteins in the eukaryotic kingdom and has never been implicated in a genome-wide association scan for IBD or any other disease (46) . The small number of polymorphisms identified in this protein have been studied in the context of sepsis, a disease of intense, calpain-mediated inflammation (47, 48) . Experimental models of sepsis have been associated with high levels of circulating HMGB1, and anti-HMGB1 antibody has been proposed as a treatment for this disease (49) (50) (51) (52) (53) . While HMGB1 is increased in sepsis patients compared with that in noninfected controls, the human data suggest a more nuanced view of the role of HMGB1 in this disease (52) . Lower HMGB1 levels were associated with decreased survival in a prospective study of 2 cohorts of sepsis patients, and an HMGB1 polymorphism associated with decreased serum HMGB1 was also associated with increased mortality in sepsis patients (50, 54) .
Our data from Vil-Cre Hmgb1 fl/fl mice suggest that these nuances may be due to the differences between the intracellular and extracellular functions of HMGB1. Levels of intracellular HMGB1 are increased during inflammation to counter calpain activity, and failure to counter this activity leads to cell death and HMGB1 release. Cells could compensate for low levels of intracellular HMGB1 under conditions of low calpain activity by upregulating target proteins. However, high levels of calpain activation would be expected to overwhelm this compensation, leading to beclin 1 and ATG5 cleavage and production of the proapoptotic versions of the proteins.
In conclusion, we have identified a novel function for HMGB1 in cell survival. Extracellular HMGB1 is proinflammatory, whereas GFP-LC3 reporter mice. GFP-LC3 reporter mice were purchased from RIKEN. Procedures for visualization of LC3-GFP in the mouse intestine were adapted from Mizushima (62) . Briefly, intestines were cut longitudinally, washed in PBS, and fixed in 4% paraformaldehyde for 20 minutes. They were then incubated in 15% sucrose for 4 hours, followed by 30% sucrose overnight before embedding in OCT. Samples were cryosectioned at 5-μm thickness and allowed to dry at room temperature for 30 minutes. Sections were stained with Hoechst (Life Technologies) for 15 minutes then mounted with Prolong Gold (Life Technologies).
Cell death evaluation. The In Situ Cell Death Detection Kit (Roche) was used for TUNEL staining. Images were captured with a Leica DM2500 epifluorescence microscope.
In vitro calpain cleavage assay. Recombinant active calpain 1 (Sigma-Aldrich), beclin 1 (OriGene), ATG5 (Abcam), and HMGB1 (R&D Systems) were used for the in vitro calpain 1 cleavage assay. The assay conditions were adopted from Norman et al. (20) and Bano et al. (63) . The buffer system contained 50 mM NaCl, 10 mM EGTA, 0.1% Triton, and 100 mM HEPES (pH 7.5). CaCl 2 was added to a final concentration of 20 mM immediately before reaction. In a reaction volume of 20 μl, 0.2 units of active calpain 1 and 0.1 μg beclin 1 or ATG5 were added with various amounts of HMGB1 protein. The reaction mixture was incubated at 30°C for 30 minutes, and then stopped by adding Laemmli buffer and incubating at 90°C for 5 minutes. The samples were resolved using a 15% SDS-PAGE system and blotted with antibodies recognizing beclin 1 (612113; BD Transduction Laboratories), FLAG (2368; Cell Signaling Technology), ATG5 (A2859; Sigma-Aldrich), or HMGB1 (ab18256; Abcam).
For the competitive in vitro calpain cleavage assay, the previously described reaction buffer was used with the addition of 0.05 units of active calpain, 0.1 μg beclin 1, 0.25 μg HMGB1 (beclin 1/HMGB1 ratio of 1:6), and a 100 μM concentration of either the competitor or the mock competitor peptide. The reaction mixture was incubated at 30°C for 15 minutes, and then the reaction was stopped and the products analyzed as previously described. The antibody-antigen complex was precipitated using 50 μl cell lysis buffer balanced protein A agarose (Thermo Scientific), and Laemmli buffer (50 μl) was added to the precipitated complexes prior to heating to 90°C for 5 minutes. The supernatant was resolved on a 15% SDS-PAGE gel and blotted for the respective proteins.
Calpain activity assay. Calpain activity was measured as the cleavage of a fluorogenic substrate (Calbiochem) using a fluorescence plate reader (Biotek Synergy 2). Briefly, 10 mg of tissue was homogenized in lysis buffer and incubated on ice for 30 minutes. The samples were than centrifuged at top speed in a prechilled tabletop centrifuge for 15 minutes. The protein concentration was determined by the bicinchoninic acid method. Fifty microliters of sample (about 100 μg total protein) was used for each assay. The calpain activity in each sample was expressed as units per milligram of protein per minute. et al. (61) . The latter involves dissociating the colonic crypts from the colon by EDTA perfusion. Mice were anesthetized, and the cardiovascular system was perfused with 2 ml warm PBS containing 30 mM EDTA and 25 mM NaHCO 3 and 1.5 mM DTT. The colon was removed, everted, rinsed briefly in PBS, and placed over a Pasteur pipette. The colon was then spun with a homogenizer motor into ice-cold PBS containing 30 mM EDTA and 1.5 mM DTT. The isolated material was examined using phase-contrast microscopy, which showed that it consisted mainly of intact crypts and sheets of epithelial cells.
Immunoblot analysis of mouse and human samples. Samples for immunoblotting were obtained from mucosal scrapings, EDTA dissociation, or snap-frozen endoscopic biopsies. These were lysed in Cell Lysis Buffer (Cell Signaling Technology) containing Complete Protease Inhibitor (Roche) and PMSF and subjected to separation on reducing SDS-PAGE gels. The following antibodies were used: ATG5 (2630), beclin 1 (3738s), cleaved caspase 1 (human, 4199), cleaved caspase (9664), LC3B (2775s), and ATG7 (D12B11) (all from Cell Signaling Technology); cleaved beclin 1 (612113; BD Biosciences); HMGB1 (ab18256) and MBL (p62 M162-3) (both from Abcam); cleaved ATG5 (A2859; Sigma-Aldrich ); and caspase 1 (casper 1 [mouse]; Adipogen).
qRT-PCR. RNA isolation was performed on mucosal scrapings (mouse), EDTA-isolated IECs (mouse), or intestinal biopsies (human) using TRIzol (Life Technologies) and standard procedures. qRT-PCR was performed using SYBR Green Master Mix (Bio-Rad) and a Roche LightCycler 48 II. Mouse primer sequences were as follows: Hmgb1, 5′-GGCGAGCATCCTGGCTTATC-3′ and 5′-GGCTGCTTGT-CATCTGCTG-3′; Gapdh, 5′-GGCAAATTCAACGGCACAGT-3′ and 5′-AGATGGTGATGGGCTTCCC-3′; villin, 5′-TCAAAGGCTCTCT-CAACATCA-3′ and 5′-AGCAGTCACCATCGAAGAAGC-3′; beclin 1, 5′-ATGGAGGGGTCTAAGGCGTC-3′ and 5′-TCCTCTCCTGAGT-TAGCCTCT-3′; calpastatin, 5′-CAATCAAGTGAGCAACCTGTGG-3′ and 5′-CGGAAGATTTTTGGGCTCTGA-3′. For human samples, the following primers were used: GAPDH, 5′-ACAACTTTGGTATCGTG-GAAGG-3′ and 5′-GCCATCACGCCACAGTTTC-3′; HMGB1, 5′-TATGG-CAAAAGCGGACAAGG-3′ and 5′-CTTCGCAACATCACCAATGGA-3′; beclin 1, CCATGCAGGTGAGCTTCGT-3′ and 5′-GAATCTGCGAGA-GACACCATC-3′; and calpastatin, 5′-TACAGGAAGTAACGATGCT-CACA-3′ and 5′-CACCCGGCTTGCCAGATATT-3′.
The following primer pairs were used to determine mouse mucosal cytokine expression: Il1b, 5′-ATCTTTTGGGGTCCGTCAACT and 5′-GCAACTGTTCCTGAACTCAACT; Il12p40, 5′-TGGTTTTC-CATCGTTTTGCTG and 5′-ACAGTTGAGGTTCACTGTTTCT; Tnfa, 5′-CCCTCACACTCAGATCATCTTCT and 5′-GCTACGAC-GTGGTCTACAG;
Il6, 5′-TAGTCCTTCCTACCCCAATTTCC and 5′-TTGGTCCTTAGCCACTCCTTC; Ifng, 5′-ATGAACGC-TACACACTGCATC and 5′-CCATCCGTTTGCCAGTTCCTC; Il17, 5′-TTTAACTCCCTTGGCGCAAAA and 5′-CTTTCCCTC-CGCATTTGACAC;
Il10, 5′-TGCTATGCTGCCTGCTCTTA and 5′-GTTCCTTTGGTTGCTGGAAG; Il23p19, 5′-ATGCTG-GATTGCAGAGCAGTA and 5′-ACGTGGCACATTATTTTTAGTCG; and Mcp1, 5′-TTAAAAACCTGGATCGGAACCAA and 5′-GCATT-AGCTTCAGATTTACGGGT.
Immunofluorescence staining and microscopy. Confocal microscopic images were captured using a Leica SP5 II STED-CW Super-Resolution Laser-Scanning Confocal instrument and analyzed using ImageJ software (NIH). Calpeptin treatment of enteroids. Enteroid cultures were plated in Matrigel and ADF media without growth factors. The following day, they were treated with 10 μg/ml L-18 MDP in the presence of DMSO (vehicle control) or 1 μg/ml calpeptin for 4 hours. The enteroids were harvested by centrifugation in ice-cold PBS and homogenized in cell lysis buffer (Cell Signaling Technology). Total protein (30 μg) was then immunoblotted for active caspase 3 as previously described.
Autophagic flux in organoids. Enteroids were plated as described above. The following day, they were treated with 10 μg/ml L-18 MDP in the presence or absence of 100 nm bafilomycin A1 (Tocris) for 4 hours, and the lysates were assayed for LC3B and p62 as previously described.
Statistics. Prism software (GraphPad Software) was used for statistical evaluation. Data are reported as the mean ± SEM, unless otherwise noted. Pairwise comparisons were made using the 1-or 2-tailed unpaired Student's t test, while 1-or 2-way ANOVA with Bonferroni's post-hoc testing was used for multiple comparisons. A P value of less than 0.05 was considered statistically significant.
Study approval. NIH guidelines were followed for the care and handling of mice in this study. The IACUC of the University of Chicago approved all animal studies and procedures (Animal Protocol 71629). Protocols for obtaining human tissue samples were approved by the IRB of the University of Chicago (approval 15573A), and all patients provided written informed consent. DSS in their drinking water were treated with either vehicle or 5 mg/kg calpeptin (benzyloxycarbonylleucyl-norleucinal; Calbiochem) daily through i.p. injection. After 5 days of DSS administration, mice were sacrificed, and tissues were collected for immunoblot and histological analyses as previously described.
Intestinal epithelial organoid (enteroids) culture. IEC progenitors were isolated and cultured according to methods described in Sato et al. (64) . Briefly, the small intestine was removed from each mouse, cleaned, and then cut into 1-mm pieces. After multiple washes with ice-cold PBS, intestinal pieces were incubated in EDTA-containing PBS, with agitation at 4°C for 30 minutes. Cells were then collected in Advanced DMEM/F12 (ADF; Life Technologies), and a single-cell suspension was ensured by passing the cells through a 70-μm cell strainer. Cells were resuspended in 100 μl complete ADF media (ADF supplemented with GlutaMAX; Life Technologies); HEPES buffer (Life Technologies); penicillin and streptomycin (Life Technologies); N2 supplement (Life Technologies); B-27 Supplement Minus Vitamin A (Life Technologies); murine EGF (50 ng/ml; Life Technologies); Noggin (100 ng/ml; Peprotech); jagged 1 (1 μM; Anaspec); Y27632 (10 nM; Cayman Scientific); and R-spondin 1 (500 ng/ml; Peprotech)). Cells were then combined with 200 μl Matrigel (BD Biosciences) and plated onto 6-well plates with or without collagen-coated coverslips. Matrigel beads containing crypts and cells were allowed to solidify for 1 hour at 5% CO 2 and 37°C before adding 2 ml complete ADF media to each well. Fresh growth factors were added every 2 days, and complete ADF media were changed every 4 days.
MDP treatment of enteroids. Enteroid cultures were were plated in Matrigel and ADF media without growth factors. The following day, they were treated with 10 μg/ml L-18 MDP for the indicated times ( Figure 5 ) prior to lysis. Cells were isolated from Matrigel using lowspeed centrifugation and were then lysed in 1% Triton lysis buffer as previously described.
IEC stimulation of adaptive immune responses. MLNs were harvested from 8-week-old male and female C57BL/6 WT mice and transferred to 10-mm Petri dishes to remove residual surrounding fat tissues using a razor blade. Single-cell suspensions were obtained by passing cells through a 70-μm nylon strainer (BD Biosciences). The mixture of MLN cells (2 × 10 6 cells in 800 μl complete medium [RPMI 1640 plus 10% FBS plus 100 U/ml penicillin and streptomycin]) was cultured with 200 μl supernatant derived from MDP-stimulated Hmgb1 fl/fl or Vil-Cre Hmgb1 fl/fl enteroids or from unstimulated controls for 16 hours. Supernatants were harvested and stored at -80°C prior to assaying for TNFA, IL-6, IL-17, and IFN-γ by ELISA (ELISA Ready-Set-Go! Kits; eBioscience).
